Infrared spectra of binary mixtures of water with hexane and decane were measured at temperatures and pressures in the 473-648 K and 70-350 bar ranges, respectively. Volumetric concentrations of water and the hydrocarbons in the mixtures were obtained from absorption intensities of the fundamental OH stretching band of HDO and combination transitions of the hydrocarbons. Using both the concentrations, densities of the aqueous mixtures were estimated and compared with densities before mixing, which were calculated using literature densities of the neat liquids. It is found that anomalously large volume expansion on mixing occurs in the vicinity of the critical region of the mixtures.
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I. INTRODUCTION
When two different fluids are mixed, the total volume changes to a certain extent. The volume change, being called an excess volume of the mixture, is one of the most fundamental properties for characterizing the mixing state. So far a great number of experimental data on the excess volumes of various kinds of mixtures have been accumulated and used to understand the mixing states on the basis of intermolecular interaction. 1 The relative change of the volume on the mixing at temperatures and pressures near ambient condition is usually small and typically a few percents. However, it becomes significantly large at some temperature-pressure conditions. Wormald and co-workers [2] [3] [4] have studied binary mixtures of carbon dioxide with ethane, ethene, and sulfur hexafluoride and found that the excess volume in the nearcritical region is about two orders of magnitude larger than that for the liquid mixtures near ambient conditions. Xiao et al. 5 have reported that the excess molar volume of watermethanol mixtures shows significantly large sigmoidal negative-to-positive change at 0.44 of methanol molar fraction at 573.6 K and 137 bar, which was suggested to be a near-critical behavior. For dilute aqueous hydrocarbons, it has been reported that the partial molar volumes of the hydrocarbons become anomalously large near the critical point of pure water. [6] [7] [8] These anomalous behaviors will be useful to gain an insight into relationship between macroscopic properties of the mixtures and the intermolecular interactions.
In the recent studies, we have found another type of intriguing volumetric behavior for binary mixtures of water with benzene, toluene, and ethylbenzene by in situ infrared and near-infrared measurements of high-temperaturepressure mixtures. [9] [10] [11] On mixing of water with the hydrocarbons at certain temperature-pressure conditions, the total volumes expand anomalously. The relative volume change is particularly large at pressures a little above the vapor pressure of water and at temperatures above the critical end point of the three-phase equilibrium curve of the aqueous binary mixtures. For example, 7 times volume expansion has been found on mixing of water and benzene with a molar ratio of 0.82/ 0.18 at 573 K and 100 bar. 11 Such an anomalously large volume expansion would be a characteristic of aqueous mixtures of hydrophobic hydrocarbons. Then it is intriguing whether aliphatic hydrocarbons, which are thought of more hydrophobic than the aromatics, exhibit the similar volumetric behavior. The present paper deals with in situ infrared measurements of water-hexane and water-decane mixtures at high temperatures and pressures. Densities of the mixtures were obtained from the component concentrations, which were estimated from infrared absorption intensities. As a reference, average densities before mixing were calculated using literature densities of neat liquids at the same temperatures and pressures. Comparing the densities before and after mixing, we have estimated relative volume changes on the mixing.
II. EXPERIMENTAL METHOD AND RESULTS
Spectroscopic measurements were performed using the same experimental setup and the high-pressure cell as described previously. 12 Guaranteed reagent hexane and decane from Nacalai Tesque ͑Japan͒ and deuterium oxide ͑99.9% D͒ from CEA ͑France͒ were used as received. Water specimens were mixtures of H 2 O and D 2 O with a molar ratio of 1:10 or 1:20. The ratios of the isotopic species, H 2 O, HDO, and D 2 O, in the water specimens were estimated to be 1:20:100 or 1:40:400, and observed OH stretching absorption bands were assigned solely to HDO to a good approximation. Measurements of HDO in the mixtures have some advantages. First, it enables us to avoid the complication of spectra due to overlap of symmetric and antisymmetric stretching bands, and then makes band shape analysis simpler. In addition, it makes possible to keep the OH stretching absorption within a measurable range even at high temperatures, where solubility of water in hydrocarbons is considerably large and the ab-sorption would become too strong to measure when a neat H 2 O specimen is used. A small amount of the water specimen was put in the cell and then compressed liquid hydrocarbons were transmitted into the cell. The waterhydrocarbon interface was adjusted a little below the optical axis, and infrared absorption of the hydrocarbon-rich phase was observed with 2 cm −1 spectral resolution. At some of the experimental points of lower pressures and higher temperatures, however, observed spectra might be of the water-rich phase due to its anomalous volume expansion, as discussed later. Figure 1 shows examples of observed absorption in the OH stretching region at various temperatures and at constant pressure of 300 bar, where spectra of neat hexane and decane observed at the same temperature and pressure were used as reference. Most part of the absorption is assigned to HDO, while a small absorption at about 3910 cm −1 is assigned to a combination transition of D 2 O. The HDO band should consist of absorptions due to both hydrogen-bond-free and hydrogen-bonded OH groups. 13 To obtain integrated intensity of the HDO absorption, we decomposed the absorption into several components with Gaussian and Lorentzian profiles and excluded contribution of the D 2 O band and uncertainty of the baseline which might be affected by possible incomplete cancellation of the solvent absorption. The absorption intensities increase remarkably with increasing temperature, indicating increase in water solubility in both the solvents. However, the intensity at 648 K reduces below that at 598 K in hexane, whereas in decane the 648 K intensity becomes the largest in the present temperature range. This difference may be understood by difference in the position of the critical curve between the water-hexane and waterdecane systems as shown in Fig. 2 , where the critical curves were drawn by use of literature data. 14, 15 The phase point of 648 K and 300 bar is in the one-phase region in both the systems, but closer to the critical curve for water-decane than for water-hexane. Similar difference in temperature dependence of the absorption intensity has been found among water-aromatic hydrocarbon mixtures. 12 However, it should be noted that the water concentration in the one phase region do not indicate the water solubility but depends on experimental condition.
The molar concentration of water in hydrocarbons can be estimated as C w = A OH / A m , where A OH and A m denote the observed integrated intensity and the molar absorption intensity, respectively, of the OH stretching band of HDO. To estimate A m , we have proposed an empirical expression by allowing for an internal-field effect and effect of hydrogenbond formation as follows:
A 0 m /͑10 6 cm mol −1 ͒ = 3.0 + 5.37 ϫ 10 −2 ͑3707 − 0 /cm −1 ͒ + 2.12 ϫ 10
where, ⌰ denotes the internal-field correction factor 16 given by the refractive index n of the fluid mixture and A 0 m is the molar absorption intensity as a function of the band center frequency 0 . Details of these expressions have been de- scribed previously. 12 Briefly, the internal-field correction factor varies rather in the narrow range, 0.82-1.00, and does not affect the similarity in the temperature-pressure dependence between the integrated intensity and the water concentration. Equation ͑3͒ has been derived as an empirical relationship between the integrated intensities and the peak frequencies, both of which vary significantly by hydrogen bonding. Since the observed bands are not symmetric and exhibit some structure, we have used the first moments of the absorption as the band center 0 . The resulting water concentrations are plotted in Fig. 3 . The uncertainty of the values thus obtained may be in the range of 10%-20% ͑Ref. 12͒ except the results at the lowest temperature 473 K, where the water solubility is very small and the results may have larger uncertainty.
To estimate concentrations of the hydrocarbons, we have used near-infrared absorption assigned to combination transitions of the CH stretching and bending vibrations. Examples of the observed spectra are shown in Fig. 4 . It is found that the band profiles and peak positions of neat hydrocarbons and the water-hydrocarbon mixtures are very similar to each other. This fact suggests that the combination transitions are little affected by the environmental condition of the hydrocarbons, and we may assume that the molar absorption intensity is the same for the neat hydrocarbons and the aqueous mixtures. Integrated intensities of the neat hydrocarbons, S neat , were obtained over the range of 4200-4500 cm −1 with a baseline leveled to a signal at 4500 cm −1 as shown in Fig. 4 , and the molar absorption intensity is given by
where l is the sample thickness and C H 0 denotes the molar concentration of neat hydrocarbons estimated from literature density data. 17, 18 The resulting molar absorption intensities were almost independent of temperature and pressure and we assume constant values: ͑8.2± 0.4͒ ϫ 10 5 cm mol −1 for hexane and ͑13.0± 0.6͒ ϫ 10 5 cm mol −1 for decane. This fact is consistent with the abovementioned assumption that the molar absorption intensity is independent of the molecular environment. The same situation has been observed for nearinfrared combination absorption of aromatic hydrocarbons. 12 The molar concentrations of the hydrocarbons in the aqueous mixtures thus obtained were plotted in Fig. 5 . It should be noted that the concentrations of hydrocarbons are very small and even smaller than the water concentrations in the region of high temperatures and low pressures. The spectra observed in that region may not be of the hydrocarbonrich phase but the water-rich phase which would significantly expand with dissolution of the hydrocarbons as discussed in the following section.
III. DISCUSSION
The volumetric behavior of the water-hydrocarbon mixtures are characterized by a relative volume change on the mixing by 
denotes the density of the mixture given by the experimental concentrations, C W and C H , and molar weights, M W and M H , and
is the average density before mixing, W and H being densities of neat water and neat hydrocarbons taken from literatures. 17, 18 The resulting values of the relative volume change are plotted in Fig. 6 . At temperatures below 523 K for the water-hexane system and 548 K for the water-decane system, the relative volume change is very small, being like that of an ordinary liquid mixture in the temperature-pressure region far from the critical condition. At higher temperatures, on the other hand, the relative volume change becomes anomalously large particularly at low pressures. For example, it reaches 13.2 for the water-hexane system at 573 K and 90 bar, which means 14.2 times volume expansion on the mixing. The pressures for the maximum volume expansion are 90, 130, and 170 bar at temperatures of 573, 598, and 623 K, which are common to both the water-hexane and water-decane systems and are a little above the vapor pressures of neat water, 86, 120, and 165 bar, at the respective temperatures. These results are consistent with the observation for the water-aromatic hydrocarbon systems, [9] [10] [11] and suggest that the anomalous volume expansion on the mixing should be characteristic property of aqueous mixtures of hy- drophobic hydrocarbons. The detailed study on the waterbenzene system has suggested that the region where the anomalously large volume expansion occurs is a narrow region enclosed by an extended line of the three-phase equilibrium curve, the one-phase critical curve of the mixtures concerned and the vapor pressure curve of neat water ͓see Fig. 9 of Ref. 11͔. Figure 7 shows plots of the relative volume changes for the water-hexane, water-decane, and water-benzene 11 systems against molar fraction of hydrocarbons at a few temperature-pressure points. It proves that the relative volume changes for the three systems are not too much different from each other at the comparable conditions of temperature, pressure, and molar fraction. However, those for the waterhexane system are distinctly larger than for the water-decane and water-benzene systems. For the latter two systems, the relative volume expansions seem to be roughly the same allowing for a slight difference in pressure. Although, we could not examine dependence of the relative volume changes on the hydrocarbon fraction for the water-hexane and water-decane systems, it is probably similar to that for the water-benzene system shown in Fig. 7 .
